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Abstract: Guardrail, an important highway traffic safety facility, is mainly used to prevent vehicles from 
accidentally driving off the road and to ensure driving safety. Desert highway guardrails hinder the 
movement of wind-blown sand, resulting in the decline of sand transportation by the pavement and the 
deposition of sand gains on the pavement, and endangering traffic safety. To reveal the influence of 
guardrails on sand transportation of desert highway pavement, we tested the flow field and sand transport 
volume distribution around the concrete, W-beam, and cable guardrails under different wind velocities 
through wind tunnel simulation. Wind velocity attenuation coefficients, sand transportation quantity, and 
sand transportation efficiency are used to measure sand transportation of highway pavement. The results 
show that the sand transportation of highway pavement was closely related to the zoning characteristics 
of flow field and variation of wind velocity around the guardrails. The flow field of the concrete guardrail 
was divided into deceleration, acceleration, and vortex zones. The interaction between the W-beam 
guardrail and wind-blown sand was similar to that of lower wind deflector. Behind and under the plates, 
there were the vortex zone and acceleration zone, respectively. The acceleration zone was conducive to 
transporting sand on the pavement. The cable guardrail only caused wind velocity variability within the 
height range of guardrail, and there was no sand deposition on the highway pavement. When the cable, 
W-beam, and concrete guardrails were used, the total transportation quantities on the highway pavement 
were 423.53, 415.74, and 136.53 g/min, respectively, and sand transportation efficiencies were 99.31%, 
91.25%, and 12.84%, respectively. From the perspective of effective sand transportation on the pavement, 
the cable guardrail should be preferred as a desert highway guardrail, followed by the W-beam guardrail, 
and the concrete guardrail is unsuitable. The study results provide theoretical basis for the optimal design of 
desert highway guardrails and the prevention of wind-blown sand disasters on the highway pavement. 
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1 Introduction 


Wind-blown sand in desert areas poses a serious threat to agriculture, forestry, and transportation 
industry. Dry climate, strong winds, and abundant sand sources have made highways and railways 
across the area prone to wind-blown sand disasters (Dong et al., 2004; Lei et al., 2008; Cheng et 
al., 2014; Li et al., 2021). Subgrade wind erosion and sand deposition on the highway pavement 
are caused by the passing wind-blown sand. In severe cases, highways are buried by sand, trains 
are stopped, and highway traffic is blocked (Han et al., 2003; Xiao et al., 2015; Bruno et al., 
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2018), which have a serious impact on driving safety. At present, the total length of desert 
highways built in China exceeds 4000 km, and the total length of desert highways under 
construction exceeds 1000 km. These desert-crossing highways are the main arteries for highway 
transportation in China. Therefore, wind-blown sand prevention is still a key engineering and 
technical problem in road construction and maintenance. Through field investigation, we found 
that most sand deposition on highways crossing wind-blown sand activity areas is located near the 
guardrail (Fig. 1), indicating that the guardrail has a great effect on sediment transport and sand 
transportation of desert highway pavement. 


© E 


Fig. 1 Sand deposition near the guardrails of desert highways. (a), concrete guardrail; (b), W-beam guardrail (Li 
et al., 2016); (c), cable guardrail. 


To prevent vehicles from accidentally driving off the road due to faults or accidents, people 
usually installed concrete guardrails (rigid guardrails), W-beam guardrails (semi-rigid guardrails) 
or cable guardrails (flexible guardrails) on both sides of the highway subgrade, on the median 
separator, and on bridges to ensure driving safety (Jason et al., 2005; Wang et al., 2011). In desert 
areas, different forms of guardrails become obstacles in the process of wind-blown sand 
movement, which disturb the wind-blown sand to varying degrees, reduce the wind velocity, and 
change the flow field distribution, resulting in reduced sand transportation and sand grain 
deposition. Sand deposition on highway pavement will lead to the reduction of road surface 
friction and skid-resistant performance, vehicle slip, obstruction of drivers' sight, and other 
effects, which endanger driving safety and increase the difficulty and burden of road maintenance 
work (Pan et al., 2021). 

Research on prevention of wind-blown sand disasters along highways and railways has a long 
history, and the existing measures for prevention and control of wind-blown sand disasters can 
generally be divided into three categories. The first category includes mechanical sand prevention 
measures, such as high vertical reed sand barriers, polyethylene (PE)-net sand barriers, sheet-type 
sand fences, etc. (Cheng et al., 2016a, b; Chen et al., 2019; Cheng et al., 2021), and sand 
stabilization measures, such as low vertical grass squares, PE grids, sand fixation boards, etc. 
(Wang et al., 2020; Ding et al., 2021). The second category includes biological sand prevention 
measures, such as planting sand-fixing plants (Haloxylon ammodendron (C. A. Mey.) Bunge, 
Tamarix, etc.) in a certain area on both sides of the highway to build sand blocking and sand 
stabilization zones (Li et al., 2021), forming natural protective barriers to prevent mobile dunes 
from invading the highway. The third category includes chemical sand stabilization measures, 
such as spraying chemical sand stabilization agents on the sand surface to form a consolidation 
layer for sand fixation (Han et al., 2003). These three measures have been widely used in the 
prevention of wind-blown sand disasters for roads in desert areas, which play an important role in 
reducing sand deposition on the road and ensuring the driving safety of vehicles. The above three 
types of sand prevention measures are all aimed at off-road sand protection systems, and there is 
little research conducted on the influence of highway structures and accessory facilities on 
sediment transport. In the practice of sand prevention on desert highway, due to the smooth 
highway surface, sand disasters along the road can be effectively controlled by making full use of 
smooth characteristics of the pavement for sand transportation in combination with sand barrier 
resistance and sand particle stabilization system. Therefore, how to effectively utilize the 
pavement for sand transportation and related research is very urgent. 
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Methods such as field observations, wind tunnel tests, and numerical simulation are usually 
used to study wind-blown sand movement. Among them, wind tunnel testing is a powerful tool to 
study the aerodynamic characteristics of obstacles and sand transport under artificial simulated 
atmospheric boundary conditions. Li et al. (2020) conducted scaled-down tests in wind tunnels to 
simulate the destructive process of sand grains on desert highway by taking sand grains with 
different diameters and subgrades at different gradients as models. Shi et al. (2021) compared and 
evaluated the sand prevention performance of two concrete sand-prevention barriers along the 
railways in strong wind areas using wind tunnel tests and in situ monitoring. Wang et al. (2020a, 
b) preliminarily studied the flow field and sand deposition patterns on both sides of the subgrade 
and around the median separator of a high-grade highway. Most of studies focused on the 
characteristics of wind-blown sand fields and sand prevention performance of various sand 
prevention measures along the highway. Few studies focused on the influence of different types of 
guardrails on sand transportation of highway pavement using wind tunnel tests. 

In this study, based on the urgent need for sand prevention engineering practices for desert 
highways, wind velocities around the concrete, W-beam, and cable guardrails, as well as 
pavement sand transportation quantity, were tested by wind tunnel modulation. Wind velocity 
isoline maps, wind velocity attenuation coefficients, sand transportation efficiency, vertical 
distribution of sand transportation quantity, and sand transportation characteristics along the 
desert highway were obtained. Meanwhile, sand transportation of the highway pavement under 
three types of guardrails was compared. The results might provide a theoretical basis for type 
selection, structure design, and parameter optimization of desert highway guardrails. 


2 Materials and methods 


2.1 Materials 


The blow-down wind tunnel utilized in this study is mainly comprised of five parts: power section, 
rectification section, sand supply section, test section, and diffusion section. The whole length 
was 38 m, the test section length was 21 m, the cross-section size of the test section was 1.3 m 
(width)x1.0 m (height), and wind velocity was continuously adjustable from 0 to 20 m/s. Previous 
experiments showed that the wind turbulence degree was about 1.0%, the airflow stability 
coefficient was less than 1.0%, and the transverse unevenness was less than 2.5%. Wind velocity 
measuring device included a pitot tube, micro-pressure sensor, and supporting software for wind 
tunnel system. The axis wind velocity measuring device at the entrance of a test section was the 
Hot-Wire Anemometer (HWA). The HWA was calibrated with a pitot tube and differential 
pressure meter before testing. The guardrail height was at the scale of 1:10 according to the 
Chinese national standard. The height of the concrete guardrail (Ha) was 8.1 cm, the W-beam 
guardrail (Hp) 7.5 cm, and the cable guardrail (Hc) 11.3 cm. The concrete guardrail was made 
from poured concrete, the W-beam guardrail consisted of a pillar and waveform iron sheet (the 
iron sheet height was 3.1 cm), and the cable guardrail was assembled from pillars and steel cables 
(5 steel cables, each 0.18 cm in diameter). The three types of guardrails were 80 cm in length to 
avoid the influence of wind tunnel sidewall on the wind field. 


2.2 Experimental design 


Wind tunnel test was divided into two parts: a flow field test and a sediment transport test. For the 
convenience of study, an open-field test (with the same wind velocity and sand source, but no 
guardrail model) was set as a control treatment. When conducting flow field tests in the wind 
tunnel, wind speeds at different monitoring points were measured using a pitot tube fixed on an 
adjustable frame, with the monitoring points set at 1.0H, 2.0H, 5.0H, and 10.0H (H is the 
guardrail height) on the windward side, and 0.0H, 1.0H, 2.0H, 5.0H, 10.0H, 15.0H, and 20.0H on 
the leeward side of guardrail (Fig. 2). Pitot tube can simultaneously monitor speeds at heights of 
1, 2, 3, 5, 7, 10, 15, 30, and 50 cm. After the measured wind velocity data were processed by 
Surfer software, the wind velocity isoline maps around the three types of guardrails were 
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Fig. 3 Flow field and sediment transport measurement. (a), pitot rube; (b), concrete guardrail; (c), W-beam 
guardrail; (d), cable guardrail. 


obtained. The Kriging value was selected as the interpolation. 

When sand transport tests in the wind tunnel were conducted, the sand was supplied by means 
of wind blowing, and the amount of sand source supplied under the same wind velocity and the 
testing time were consistent. Sandpaper was laid flat on the wind tunnel floor to simulate surface 
roughness. Sandpaper length ranged from 40.0H before the guardrail to 20.0H after the guardrail. 
Installation position of the guardrail remained unchanged. Dune sand collected from the 
Taklimakan Desert was tiled at the entrance of wind tunnel test section at 100 cm (length)x80 cm 
(width)x2 cm (height). The device was run at a wind velocity of 8 m/s for 5 min, and photographs 
were taken to record sand deposition near the guardrail. Pre-testing showed that when a sand 
sampler was installed outside 2.0H on the leeward side of guardrail, the influence of the sand 
sampler on the sand deposition distribution was avoided, and sand grains of different heights were 
effectively collected. Therefore, sand sampler was installed at 2.0H, 5.0H, 10.0H, 15.0H, and 
20.0H on the leeward side. At the end of the test, sand deposition quantities collected at different 
heights in the sand collecting box on the leeward side of guardrail were weighed, and sand 
deposition distributions around the three types of guardrail was observed (Fig. 3). The sand 
samplers had an overall height of 20 cm, and were distributed vertically and evenly across 20 
sand collecting holes, which were 1 cmx1 cm. To avoid sand saturation collected by sand 
samplers due to an excessively long-time test, the test times for 8, 10, 12, and 14 m/s wind 
velocities in this test were 15, 7, 4, and 3 min, respectively. 
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Fig. 4 Wind velocity profiles of the simulated boundary layer 
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Figure 4 showed wind velocity profiles of the simulated boundary layer measured in the wind 
tunnel tests, which conformed to a logarithmic distribution. The boundary layer thickness in the 
test sections was about 15.0 cm, and the maximum height of the guardrail was 11.3 cm, located in 
the boundary layer. According to the calculation principle of hydrodynamics, the blocking 
probability of the tunnel section must be less than 5% in wind tunnel simulation, i.e., the 
percentage of model area to the whole section area must be less than 5% to avoid a deformation 
effect. In this study, the blocking probabilities of the concrete, W-beam, and cable guardrails were 
4.98%, 1.91%, and 0.55%, respectively, and met all requirements. The lowest wind velocity in the 
test was 8 m/s, and the Reynolds number (Re) was 6.1x10° according to the guardrail height. 
Previous studies have shown that when Re equals or exceeds the minimum independent value of 
1x10°, the scale model flow would be dynamically similar to that in the full-size case (White, 
1996). In the wind tunnel test section, the Froude number (F,) of grain saltation was 20, which 
met the minimum F, criterion proposed by Owen and Gillette (1985): 


F, =sqrt(u2 /(gH)), (1) 
where F, is the Froude number; U,, is the velocity of fluid (m/s); g is the gravitational 
acceleration (m/s7); and H is the characteristic length (m). 

2.3 Evaluation indicators 


At a certain distance from the leeward side and a certain height above the ground, the wind 
velocity reduction degree is expressed by the wind velocity attenuation coefficient (WVAC) as 
follows: 


AAR = Vocx,z) Z Y¢x,z) , (2) 
Vocx,z) 
where x is the distance between a test point on the leeward side and the guardrail (H: H is the 
guardrail height); z is the height of a test point from the ground (m); voq, zis the wind velocity at 
point (x, z) with no guardrail (m/s); and vq, zis the wind velocity at point (x, z) with the guardrail 
(m/s). The larger the value of WVAC, the more severe the wind velocity attenuation, and the 
weaker the sand transportation capacity (STC) of the airflow. The area with a larger value of 
WVAC may become a sand unloading area or sand deposition area. 
To reveal the effects of different types of guardrails on sand transportation of desert highway 
pavement, we used Equation 3 to calculate sand transportation efficiency (STE) of the pavement 
below 1.0H of the guardrail. 


10 
> Qhxi 


1, = Z— x 100% , (3) 


» Q nxi 
i=l 


where nxis the STE of the pavement at distance x (2.0H, 5.0H, 10.0H, 15.0H, and 20.0H) from the 
guardrail; Qnxi is the sand interception (g/(cm?+min)) of the i sand collecting box at x with no 
guardrail arranged; and Q),;is the sand interception (g/(cm*+min)) of the i® sand collecting box at 
x with guardrail arranged. The higher the STE, the better the STC, and the less the deposited sand 
when that type of guardrail is used. 


3 Results 


3.1 Flow field distribution around the guardrail 


The quantity of sand transported on the highway pavement and deposition trends are affected and 
controlled by the flow field distribution around the guardrail. Figure 5 shows the wind velocity 
isoline maps of three types of guardrail at a wind velocity of 12 m/s. The positive and negative 
values represent the leeward and windward sides of guardrail, respectively. It can be seen from 
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Figure 5 that the flow field around the guardrail changed due to their blocking effects, and the 
velocity isoline maps for the three types of guardrail also differed significantly. The flow field 
around the concrete guardrail was divided into three areas: a deceleration zone on the windward 
side, an upper acceleration zone, and a vortex zone on the leeward side (Fig. 5a). The airflow 
around the W-beam beam was hindered by the corrugated plate, above and below, which 
produced a detour flow. When the upper airflow was raised, its speed increased, forming an 
acceleration zone. The separated upper and lower airflow generated a vortex zone on the leeward 
side of guardrail. When the reverse airflow met the forward airflow accelerated under the plate, 
the forward wind velocity decreased, forming a deceleration zone (Fig. 5b). The cable guardrail 
had little influence on the incoming wind velocity, which caused increased airflow pulsation on 
the windward side and no clear change in flow field distribution on the leeward side (Fig. 5c). 
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Fig. 5 Isoline maps of wind velocity distribution around different types of guardrail under the velocity of 12 m/s. 
The positive and negative values represent the leeward and windward sides of guardrail, respectively. (a), 
concrete guardrail; (b), W-beam guardrail; (c), cable guardrail. 


Based on the wind tunnel test results and wind velocity isoline maps, the evolution of 
streamlines and wind patterns around the three types of guardrail are shown in Figure 6. As the 
airflow approached the concrete guardrail, the cross section decreases, the normal airflow was 
blocked, and the velocity in front of the guardrail decreased. When the airflow passed through the 
concrete guardrail, the cross section increased. Airflow accelerated to lift at the top of the 
guardrail, forming a reverse flow area on the leeward side due to the influence of the reverse 
pressure gradient, which caused sand deposition (Fig. 6a). The W-beam guardrail surface was not 
ventilated, and the area under the guardrail was ventilated, so the velocity and direction of airflow 
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through the guardrail changed. The top and bottom airflows were separated by squeezing, 
accelerating airflow formed at the upper and lower ends of the plate, and a small vortex zone 
formed on the leeward side. After the airflow under different velocities converged again, sand was 
deposited at a distance behind the guardrail (Fig. 6b). The cable guardrail had good ventilation 
and hardly hindered airflow, so its streamlines resumed and remained in the inflow state soon 
after it was slightly offset near the cable (Fig. 6c). 


(a) Concrete guardrail 


(b) W-beam guardrail 


(c) Cable guardrail = 


Fig. 6 Schematic diagram for streamline distribution around the guardrail. Ru is the clockwise vortex zone on 
the windward side, and Ra is the reversed flow region on the leeward side. (a), concrete guardrail; (b), W-beam 
guardrail; (c), cable guardrail. 


3.2 Variation of wind velocity attenuation coefficient (WVAC) 


Wind-blown sand movement is a sand conveying phenomenon close to the surface, and wind is 
the power source behind sand movement. The change of wind velocity near the surface 
determines the sand deposition distribution and sand transportation efficiency of the highway 
pavement on the leeward side of guardrail. 

According to Equation 2, we calculated WVACs for the three types of guardrail at three 
heights (0.5H, 1.0H, and 3.0H), respectively, as shown in Figure 7. The vertical ordinate is 
WVAC, and the horizontal ordinate contains the positions of test points (positive values 
represent the windward side, negative values represent the leeward side, and 0 is the position 
of the guardrail). It can be seen that WVAC for the concrete and W-beam guardrails varied 
greatly between —0.230 and 1.000, while the cable guardrail only ranged from —0.080 to 0.207. 
As wind velocity increased, WVAC curves for the three types of guardrail did not change 
significantly overall, but the change trends varied greatly at different heights. At 0.5H and 
1.0H, the rising and falling sections on the curves clearly changed, while the wind velocity on 
the leeward side decreased significantly, but at 3.0H, the curve changed smoothly with smaller 
fluctuation. 

For the concrete guardrail, in the range of 1.0H— —5.0H (shown by the red dotted line in the 
figure) and at 0.5H and 1.0H, WVAC varied smoothly between 0.859 and 1.000, indicating that 
the guardrail had a significant weakening effect on airflow at 1.0H height. Wind velocity 
attenuated sharply, and in the vortex zone, the creeping and saltating sand grains may deposit. In 
the interval from 0.0H to 10.0H on the leeward side, at a height of 3.0H, WVAC was less than 
0.000, with a negative value appearing, suggesting that the airflow was in the acceleration zone. 
In the range of 5.OH—10.0H on the windward side, WVAC was between 0.000 and 0.140, and the 
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Fig. 7 Wind velocity attenuation coefficient (WVAC) of different types of guardrail under the wind velocities of 
8, 10, 12, and 14 m/s. (a), concrete guardrail; (b), W-beam guardrail; (c), cable guardrail. 


wind velocity was almost equal to the inflow wind velocity. WVAC in the range of 1.0H—5.0H 
was between —0.028 and 0.430. At heights of 0.5H and 1.0H, WVAC suddenly increased from 
0.430 to 1.000 in the range of 0.0H—1.0H, indicating that wind velocity rapidly decreased to 0. 

In the range of 1.0H—-10.0H on the windward side, WVAC for the W-beam guardrail varied 
slightly, and wind velocity was consistent with the inflow velocity, while airflow was not affected 
by the guardrail. However, in the range of 1.0H—2.0H, WVAC below 1.0H rapidly increased 
above 0.600, indicating that wind velocity on the windward and leeward sides of guardrail 
decreased significantly; while at 3.0H, it decreased to a negative value and was in the acceleration 
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zone. WVAC decreased rapidly in the range of 2.0H—5.0H and gradually stabilized from 5.0H to 
20.0H. 

WVAC curve for the cable guardrail at different heights varied greatly in the range of 
—1.0H—1.0H, with amplitude changes ranging from —0.100 to 0.200. This result indicated that the 
incoming flow was affected by slight disturbance from the cable, and wind velocity changed 
slightly. WVACs at all heights varied smoothly from —0.050 to 0.200 in the range of —5.0H— 
—20.0H on the leeward side. 


3.3 Sand transportation capacity of the highway pavement 


To compare the influence of the three types of guardrail on sand transportation of desert highway 
pavement, we tested sand transportation quantity (STQ) and sand transportation efficiency (STE) 
for each guardrail using wind tunnel tests. Then, we summarized distribution characteristics of 
sand deposition on the highway pavement on the windward side of the guardrail. 


3.3.1 STQ 


STQ is one of the important indices to measure the degree of sand hazards in desert areas and the 
main basis for the design of sand prevention and control engineering. Desert highway pavement is 
smooth, and has a certain conveying capacity for sand grains in passing wind-blown sand. In the 
wind tunnel sand transportation tests, when there was no guardrail, the creeping and leaping sand 
grains in the height range of 20 cm above the pavement were carried away by the kinetic energy 
provided by the wind. The passing wind-blown sand moved smoothly to the highway downwind 
side, with no sand deposition on the highway surface. In this case, the sand sampler intercepted 
all sand grains transported within its height range. When guardrails were set, the cross-section of 
wind-blown sand decreased, the wind velocity decreased, the sand transportation capacity of 
wind-blown sand decreased, and some sand grains stagnated and were deposited on the road 
surface during transportation process. The sand sampler could only intercept part of the sand 
grains transported within its height range, i.e., STQ on the leeward side. The more the sand 
intercepted by the sand sampler, the greater the STQ of the guardrail, the better the sand 
transportation capacity of the highway pavement, and the less the sand that was deposited on the 
highway pavement. 

Figure 8 shows STQ with and without guardrails at 5.0H on the leeward side at wind speeds of 
8, 10, 12 and 14 m/s. Overall, in the height range of 0—10 cm, the order of STQ from more to less 
is as follows: empty field test is the most, followed by the cable guardrail, the W-beam guardrail 
ranked the third, and the concrete guardrail is the least. In the height range of 10-20 cm, there 
was no clear change in quantity. As height increased, STQ decreased gradually when the cable 
and W-beam guardrails were used, which indicated that sand transportation capacity decreased 
with heights. When the concrete guardrail was used, STQ was very low at all heights, less than 3 
g/(cm*-min), and there was no obvious change in quantity within the range of 0-10 cm. STQs 
increased slowly in the range of 10—20 cm. This result can be attributed the fact that the concrete 
guardrail was similar to a solid sand barrier. Sand grains were raised and suspended after 
wind-blown sand crossed the guardrail, resulting in the increased STQ above 1.0H. With the 
increase of wind velocity, the STQs at various heights on the leeward side of guardrail gradually 
increased. 

Table 1 shows the vertical distribution of STQ at 5.0H on the leeward sides of the three types of 
guardrail under the wind velocities of 8, 10, 12, and 14 m/s. The results showed that with the 
increase of wind velocity, STQ and total STQ (TSTQ) of the upper, middle and lower layers 
under the three types of guardrail increased, the percentage of relative STQ (RSTQ) of the lower 
layers (0-2 cm) close to the pavement decreased, RSTQ of the middle layers (3—10 cm) changed 
little, and RSTQ of the upper layers (11—20 cm) gradually increased. The result implied that the 
increase of wind velocity provided more kinetic energy to the wind-blown sand, and STQ of 
wind-blown sand increased, which increased the transportation height of sand grains and reduced 
the quantity of sand transported close to the highway pavement. 
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Fig. 8 Sand transportation quantity (STQ) of the highway pavement at 5.0H on the leeward side of guardrail 
under the wind velocities of 8 (a), 10 (b), 12 (c), and 14 m/s (d) 


Table 1 Distribution of sand transportation quantity (STQ) on the highway pavement at 5.0H on the leeward 
side of guardrail under the wind velocities of 8, 10, 12, and 14 m/s 


a Layer STQ (g/(cm?-min)) 3 = = _ T 
All layer Qo-20 3.744 8.732 16.126 24.321 
Upper layer Qi1-20 2.124 5.281 10.022 15.938 
(11-20 cm) RSTQ (%) 56.73 60.48 62.15 65.53 
an Middle layer Qio 1.314 2.814 4.989 6.899 
(3-10 cm) RSTQ (%) 35.09 32.22 29.08 28.37 
Lower layer Qo» 0.306 0.637 1.115 1.484 
(0-2 cm) RSTQ (%) 8.17 7.29 6.91 6.10 
All layer Qo- 14.083 28.350 53.981 84.595 
Upper layer Qi 2.365 7.056 12.880 23.401 
(11-20 cm) RSTQ (%) 16.79 24.89 23.86 27.66 
pea Middle layer Q310 7.243 14.465 28.518 42.844 
(3-10 cm) RSTQ (%) 51.43 51.02 52.83 50.65 
Lower layer Qo-2 4.475 6.829 12.584 18.349 
(0-2 cm) RSTQ (%) 31.78 24.09 23.310 21.69 
All layer Qo- 15.192 36.687 56.341 90.633 
Upper layer Qi1-20 2.263 7.434 12.289 23.236 
(11-20 cm) RSTQ (%) 14.90 20.26 21.81 25.64 
aot Middle layer O31 8.016 19.896 30.877 45.754 
(3-10 cm) RSTQ (%) 52.76 54.23 54.80 50.48 
Lower layer Qo 4.913 9.356 13.177 21.644 
(0-2 cm) RSTQ (%) 32.34 25.50 23.39 23.88 


Note: RSTQ, relative sand transportation quantity. 
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RSTQs with the W-beam and cable guardrails were concentrated in the middle and lower layers 
(0-10 cm). Under the wind velocities of 8, 10, 12, and 14 m/s, when a cable guardrail was used, 
RSTQs of the middle and lower layers were 85.10%, 79.73%, 78.19%, and 74.36%, respectively; 
when a W-beam guardrail was used, they were 83.21%, 75.11%, 76.14%, and 72.34%, 
respectively. The cable and W-beam guardrails are porous barriers, and sand grains in the height 
range of the guardrail were transported through the void. When the concrete guardrails were used, 
STQ was concentrated on the middle and upper layers (3—20 cm), where RSTQs were 91.82%, 
92.7%, 91.23%, and 93.9%, respectively. Because the concrete guardrail is a solid sand barrier, 
sand grains of the middle and lower layers within the height of the guardrail were intercepted and 
deposited on the windward side of the guardrail, resulting in a reduction of STQ in the middle and 
lower layers of the highway pavement. 

Figure 9 shows a comparison of STQ at different horizontal positions on the leeward side of the 
three types of guardrail under different wind velocities. It can be seen from Figure 9 that as wind 
velocity increased, STQ transported at each test point on the leeward side of the three types of 
guardrail gradually increased. In the range of 2.0H-5.0H, STQ on the highway pavement 
decreased significantly. STQ on the highway pavement behind the concrete guardrail decreased 
the most, from 60.60 to 3.74 g/(cm?-min), which indicated that the concrete guardrail might 
become a potential sand deposition zone. There was no significant change in STQ on the leeward 
side of the three types of guardrail in the range of 5.0H—20.0H. As wind velocity increased, STQ 
transported on the highway pavement behind the concrete guardrail did not increase significantly, 
and was between 3.37 and 23.71 g/(cm?-min), indicating that sand could still be deposited on the 
highway pavement at a higher wind velocity. STQ on the highway pavement behind the W-beam 
guardrail was between 15.38 and 94.67 g/(cm?-min), and behind the cable guardrail, it was 
between 15.16 and 89.27 g/(cm*min). When the wind velocity was 8 m/s, STQ at each test point 
on the leeward side of the three types of guardrail was below 20 g/(cm*-min). 
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32 - 8 m/s = 
B= got -æ 10 m/s SOF = 80 
Z £ + 12 m/s ia 
2> 60} vl4ms a D pi = 
B= 20} . 20 Fh 20; +++ 


0 0 0 
2.0H 5.0H 10.0H 15.0H 20.0H 2.0H 5.0H 10.0H 15.0H 20.0H 2.0H 5.0H 10.0H 15.0H 20.0H 
Test point on the leeward Test point on the leeward Test point on the leeward 
(H is the height of guardrail) (H is the height of guardrail) (H is the height of guardrail) 


Fig. 9 Sand transportation quantity (STQ) of the highway pavement at different horizontal positions on the 
leeward side of guardrail. (a), concrete guardrail; (b), W-beam guardrail; (c), cable guardrail. 


Figure 10 shows TSTQ on the leeward side of guardrail under four wind velocities. TSTQ on 
the highway pavement refers to the sum of quantities at five test points (2.0H, 5.0H, 10.0H, 
15.0H, and 20.0H) on the leeward side of guardrail. It can be seen from Figure 10 that with the 
increase of wind velocity, TSTQ on the highway pavement on the leeward side of the three type 
of guardrail gradually increased, indicating that sand transportation capacity of wind-blown sand 
and STC of the highway pavement were enhanced. Thus, the sand grains were not easy to deposit. 
When the cable, W-beam and concrete guardrails were used and the wind velocity was 14 m/s, 
TSTQs were 423.53, 415.74, and 136.53 g/min, respectively. TSTQ on the highway pavement 
with the W-beam and cable guardrails was about three times greater than that of concrete 
guardrail, indicating that sand transportation capacity on the highway pavement with the cable 
and W-beam guardrails was better. 
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Fig. 10 Total sand transportation quantity (TSTQ) of the highway pavement on the leeward side of guardrail 


3.3.2 STE 


According to Equation 3, we calculated STE of desert highway pavement with the three types of 
guardrail under the wind velocities of 8, 10, 12, 14 m/s, respectively, as shown in Figure 11. It 
can be seen from Figure 11 that as wind velocity increased, there was no obvious fluctuation in 
STE curve under the three types of guardrail. From 2.0H to 20.0H on the leeward side of 
guardrail, STE with cable and W-beam guardrails decreased slowly overall. When a cable 
guardrail was used, STE of the highway pavement was the highest, ranging from 61.07% to 
99.31%, with the best STC. When a W-beam guardrail was used, STE of the highway pavement 
was between 50.66% and 91.25%, slightly less than that of a cable guardrail. When a concrete 
guardrail was used, STE curve was more or less unchanged. STE was between 8.96% and 12.84%, 
with the worst STC. 
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Fig. 11 Sand transportation efficiency (STE) of the highway pavement of different types of guardrail under the 
wind velocities of 8 (a), 10 (b), 12 (c), and 14 m/s (d) 


202210.00108v1 


chinaXiv 


ChinaXivA ERAT! 


GAO Li et al.: Effects of different types of guardrails on sand transportation... 


3.4 Distribution of sand deposition on the highway pavement 


Figure 12 shows sand deposition around the three types of guardrail under a wind velocity of 8 
m/s. It can be seen that there were obvious differences in the sand deposition distribution around 
the three types of guardrail. Concrete guardrail was impervious to wind, and sand deposition was 
mainly distributed in the vortex zone of the corresponding flow field. The quantity of sand 
deposition on the windward side was significantly larger than on the leeward side, and deposition 
on the leeward side was mainly concentrated between 1.0H and 5.0H. This result indicated that 
when the concrete guardrail was on the roadside of highway, it caused deposition on the shoulder 
and windward side of the highway pavement, and when it was located in the median separator, it 
caused sand deposition on both sides of the highway pavement. Deposition on the windward side 
of the W-beam guardrail formed strips with a small quantity of sand deposition behind 2.0H on 
the leeward side. The reason for this distribution was attributed to the fact that wind velocity 
decreased when airflow in the acceleration zone under the plate mixed with airflow in the upper 
vortex zone, so sand grains were deposited at a distance behind the guardrail. The airflow passing 
through the cable guardrail only increased the wind velocity variability, which was more 
conducive to the transport of sand grains. Therefore, there was no sand deposition on either the 
windward or leeward sides of the cable guardrail. 


Fig. 12 Sand deposition around the guardrail. (a), concrete guardrail; (b), W-beam guardrail; (c), cable 
guardrail. 


4 Discussion 


To study the influence of different types of guardrails on sand transportation of desert highway 
pavement, the flow field, STQ, and STE around the guardrail were obtained through wind tunnel 
testing, and the vertical distribution characteristics of STQ and variability on the leeward side of 
guardrail were researched. Results showed that when a concrete guardrail was used, STE and 
TSTQ were the lowest, and the performance was the worst, easily causing sand deposition on the 
highway pavement. When a cable guardrail was used, the highest STE and TSTQ, and the best 
performance occurred on the highway pavement with no sand deposition. STC was slightly lower 
with a W-beam guardrail than with a cable guardrail. Therefore, from the perspective of effective 
sand transportation on the highway pavement, a cable guardrail should be used, followed by a 
W-beam guardrail, and a concrete guardrail was not suitable. However, cable guardrails are 
flexible, which may endanger driving safety in the opposite direction due to the large deformation 
caused by the low stiffness when a vehicle crashes. Therefore, it is inappropriate to arrange a 
cable guardrail at the median separator, and a W-beam guardrail would be more appropriate. 
Therefore, STQ and STE are important parameters to be considered in the design and 
optimization of desert highway guardrails. 

Desert highway guardrails are traffic safety facilities, and sand barriers are used for 
wind-blown sand prevention along desert highways. When wind tunnel tests were conducted, the 
interaction between highway guardrails and wind-blown sand was similar to that of sand barriers, 
but different aspects were focused on. Sand barriers play the role of sand blocking, and reduce the 
ability of airflow to carry sand by reducing the kinetic energy of airflow around it, forcing sand 
grains to deposit nearby and avoiding sand deposition on the pavement. STC affected by the 
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guardrails was mainly concerned with, for example, reducing the resistance along the way during 
wind-blown sand movement, so that the passing wind-blown sand can smoothly pass through the 
pavement and move to the downwind side of the highway, producing effective sand transportation. 
The concrete guardrail was equivalent to pore-free solid sand barriers, while the W-beam and 
cable guardrails were equivalent to permeable solid sand barriers. There were two flow forms 
when airflows passed through the sand barrier: one was seepage through the sand barrier pores, 
and the other was detour flow through the sand barrier. Porosity will change the sand barrier air 
permeability (Tsukahara et al., 2012). With the change of wind velocity and porosity, the structure 
and partition of flow field around sand barriers will change (Bruno et al., 2018). 

In this study, the three types of guardrail had different structures, wind resistance areas, wind 
ventilation areas, and porosity (Table 2). Concrete guardrail had no pore, a larger wake vortex 
zone, and more sand deposition. Studies have shown that when the sand barrier porosity greater 
than 20%—40%, the airflow is mainly controlled by flow at the pore, and the wake vortex zone 
disappears (Li and Sherman, 2015). The porosity of cable guardrail was 92.00%, and the flow 
field distribution characteristics were the same as the research results by Li and Sherman (2015). 
The porosity of the W-beam guardrail was 58.66%, and the wake zone behind the corrugated plate 
still had a small vortex zone, which was inconsistent with previous studies. We inferred that 
although the corrugated plate had higher porosity, from the structural trait, the upper part was an 
air-tight plate, and the lower part was fully air-permeable. The structure was similar to a lower 
wind deflector. A vortex zone occurred behind the plate before the air raised by the wind deflector 
converges with the air compressed through the plate lower outlet (Cheng et al., 2017; Han et al., 
2017). Therefore, the wind ventilation and resistance areas of the guardrail are important factors 
affecting STC of the desert highway pavement. 


Table 2. Wind ventilation area, wind resistance area, and porosity of the guardrail 


Guardrail Height of wind Height of wind Wind resistance area Wind ventilation area 


pagum height H resistance Hı ventilation H2 per unit length A; per unit length A2 ar 
guardrai (cm) (cm) (cm) (cm2/cm) (cm2/cm) lo 
es 8.1 8.1 0.0 8.1 0.0 0.00 
yal 15 3.1 4.4 3.1 4.4 58.66 
Gabl 11.3 0.9 10.4 0.9 10.4 92.00 


guardrail 


Note: Porosity (%) is calculated by the following equation: A2/(A;+A2)x100%. 


The subgrade of desert highway mainly includes embankment and cutting, with partial zero-fill 
subgrade, and half-fill and half-excavation subgrade (Fig. 1). In the design of highway 
engineering, guardrails must be set on both sides of an embankment and the filling side of a 
half-fill and half-excavation subgrade. Guardrails of desert highway not only need to ensure 
traffic safety, but also transport sand effectively on the highway pavement. Optimizing guardrail 
structure of desert highway pavement, improving STE and reducing the frequency and intensity 
of sand hazards will be the focus of future studies. 


5 Conclusions 


Wind tunnel tests were used to study the effects of concrete, W-beam and cable guardrails on sand 
transportation of desert highway pavement. Different types of guardrail had different effects on 
sand transportation, which were closely related to zoning characteristics of flow fields around the 
guardrail. Wind velocity isoline map of concrete guardrail showed three typical flow field zones. 
The interaction between the W-beam guardrail and wind-blown sand was similar to that of lower 
wind deflector. There was no obvious zoning in wind velocity isoline map around the cable 
guardrail, which had little disturbance effects on the airflow. WVAC showed that wind velocity on 
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the leeward side of the concrete and W-beam guardrails declined. Wind velocity attenuation 
amplitude on the leeward side of the W-beam guardrail was small, thus it was hard to deposit sand 
grains on the highway pavement. Wind velocity changed slightly on both sides of the cable 
guardrail. As wind velocity increased, STQ on the leeward side of the three types of guardrail 
gradually increased. Cable guardrail had the highest TSTQ and STE, concrete guardrail had the 
lowest, and W-beam guardrail was the medium. Sand grains were deposited contiguously on the 
windward and leeward sides of the concrete guardrail. When a W-beam guardrail was used, small 
amount of sand grains was deposited on the leeward side. There was no sand deposition on the 
windward and leeward sides of the cable guardrail. In conclusion, to realize effective sand 
transportation on the highway pavement and alleviate sand deposition hazards, the W-beam and 
cable guardrails should be used instead of the concrete guardrail in desert highways. Future 
research should focus on the influence of subgrade section form, topography, and the angle 
between dominant wind direction and subgrade. The synergistic effect of pavement sand 
transportation and sand control measures along the desert highway is also the research field. 
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